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Abstract

The kidneys play an important role in glucose homeostasis in three ways: Via endogenous glu-
cose production from non-carbohydrate precursors (e.g. glutamine, lactate, alanine, glycerol) dur-
ing both postprandial and post-absorptive states; via glucose filtration and reabsorption by the
glomerulus and proximal tubule, respectively; and via glucose utilization and the elimination of
its excess in the urine when glucose levels exceed 180mg/dl. The renal release of glucose into the
circulation occurs mainly in the renal cortex and results from the glucose phosphorylating capacity
of those renal cells, meaning that, cells in the renal cortex can form glucose-6-phosphate. Consid-
ering glucose filtration and reabsorption, the kidneys filtrate and reabsorb all circulating glucose,
rendering the urine virtually glucose-free in a healthy person. Finally, the kidneys take up glucose
from the circulation for energetic self-supply. Besides their role in glucose metabolism, the kidneys
are the major site of insulin clearance from the systemic circulation, removing approximately 50%
of peripheral insulin. In this regard, insulin clearance by kidneys occurs by degradation in the prox-
imal tubule after being filtered in the glomerulus. All the aforementioned mechanisms affect the
glucose concentration levels in the blood, preventing the parametrization of a mathematical model
for patients with diabetes mellitus, in the implementation of an artificial pancreas. Aiming for a
complete physiological model of the glucose homeostasis, a physiological submodel of the kidneys
is presented in a way not described in the literature so far. This submodel is a phenomenological-
based semi-physical model with a basic structure rooted in the conservation law and for which
the parameters are interpretable. The model’s results coincide well with the available clinical data
reported for kidney functions associated with glucose and insulin.
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1. Introduction

Diabetes mellitus is a chronic disease caused by a disturbance in human body glucose home-
ostasis. Disequilibrium in glucose homeostasis is, among other disorders in the glucose-insulin
dynamics, a widespread condition affecting many people around the world. Mathematical models
can lead to a better understanding and control of the blood glucose levels [11 2] [3, 4], [5]. Most of
the studies are focused on the main organs involved in this regulatory system such as the pancreas
and the liver. However, other organs participate in glucose homeostasis whose role has been disre-
garded in the literature so far. For example, the kidneys make a significant contribution to glucose
metabolism and insulin metabolism for clearance. The kidneys act in three ways. First, kidneys
produce and release glucose via gluconeogenesis. Second, kidneys consume glucose from the blood
to carry out their basic metabolic functions. Third, kidneys filtrate glucose through the glomerulus
and reabsorb glucose through renal tubules, allowing excess glucose to be eliminated via the urine.

The kidney may be perceived as two separate organs because the two main mechanisms in
glucose metabolism occur in different parts: Glucose production occurs mainly in the renal cortex
and glucose utilization takes place in the renal medulla. The kidneys also have highly specialized
functional units, nephrons, composed of a glomerulus, surrounded by glomerular capillaries; that is,
they are connected to a tubular portion transporting waste to be eliminated in the urine. Just like
glucose, insulin is filtered by the glomerulus and partially reabsorbed in the proximal tubules [6].
Once the insulin is in the tubular lumen, it enters the proximal tubular cells by carrier-mediated
endocytosis and is then transported into lysosomes, where it is metabolized into amino acids [7].
Approximately 40% of total renal insulin clearance occurs by extraction from the peritubular vessels
[8], whereas 60% is due to glomerular filtration so, the rate of renal insulin clearance exceeds the
glomerular filtration rate.

Existing mathematical models that represent the glucose-insulin system frequently include vari-
ables that cannot be directly measured [5]. These models are constructed based on experimental
data taken from standard clinical tests that provide very little information on how to interpret the
parameters of the model according to the physiological threshold where they could have meaning.
These models do not consider relevant aspects that are crucial in explaining physiological phe-
nomena or providing a clinical interpretation of the natural underlying system. Consequently, it is
difficult to individualize the parameters of the models in a patient used to tune automatic systems
of insulin dosage to regulate blood glucose levels. In the case of kidneys, a mathematical model
describing the role of this organ in the glucose regulation cycle has not been proposed. The only
aspect considered in the reported mathematical models is a parameter representing the glucose
renal excretion in urine when a patient under a metabolic glucose-insulin disorder is considered
[9, 10].

In the present work, a phenomenological-based semi-physical model (PBSM) of the relevant

physiological aspects of the kidney’s role in glucose homeostasis is developed. This model can be
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coupled to another model of the whole glucose regulatory system in humans including those areas
highlighted as potential targets for diabetes treatment. A mathematical model of the role of the
kidneys in glucose metabolism will give further insights into a complete picture of the natural glu-
cose regulation mechanism. Bearing the above in mind, a reliable and exhaustive model of glucose
homeostasis could outperform the prediction ability of existing models in the literature, becoming
a powerful tool for a model-based controller acting as the core of an artificial pancreas. The paper
is organized as follows. In Section[2] a summary of the main aspects of the phenomenological-based
semi-physical model family is presented. In Section[3] the procedure to construct PBSMs is applied
to model the role of the kidneys in glucose homeostasis in the human body. In Section [4] the results

of the model are discussed. Finally, concluding remarks are provided in Section [5}

2. The process of PBSM construction

Modeling is a process aimed at representing the reality. However, reality is so complex that it can
be represented in many ways, which explains the existence of various modelling methodologies [IT],
12], T3], 14, [15] [16], I7]. A methodology to construct phenomenological-based semi-physical models,
based on that proposed by Hangos and Cameron [I3], is proposed by [I8]. This methodology is an
iterative procedure described in 10 steps [19], used here to develop a model of the role of the kidneys
in the glucose metabolism. The procedure is clustered into three sections: Model pre-construction,
model construction, and simulation of the computational model. Model pre-construction consists
of process description, model aim, model hypothesis, level of detail, and definition of the process
systems. Model construction includes the application of the conservation law, the determination
of the model’s basic structure, definition of the variables, structural parameters, and constants,
and the determination of constitutive and assessment equations for the model. Finally, verification
of the degrees of freedom is performed to construct the computational model, followed by model
simulation.

A mathematical model is constructed to explain or represent a phenomenon. A phenomenon
is described mathematically from its origins using of experimentation. However, different experi-
mental scenarios can be tested with the model that represents the phenomenon without needing to
repeat experiments or collect data, such a model is phenomenological. Hence, purely phenomeno-
logical models, i.e., first principles models, are based on the theories governing the phenomena of
interest without the need for data. The phenomenological-based semi-physical models are a family
of models that are built based on knowledge of the described phenomenon, but also using data
to estimate parameters representing unknown phenomena affecting the real object. A PBSM has
four properties that make it different from other types of models: i) Uniqueness of the model’s
basic structure due to balance equations, obtained by applying the conservation law, which is the
same for each process family; ii) modularity, that is, the ability to expand from an initial model

that considers only a part of the process to a model considering a larger layout; iii) the levels of
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detail can be combined and modeling is possible on as small a scale as required; iv) parameter
interpretability, i.e., most of the parameters of the model have a physical meaning within the pro-
cess being modeled. The procedure to construct phenomenological-based semi-physical models is

detailed in Section [3] applied to the kidney’s role in glucose metabolism.

3. Construction of a PBSM describing the human kidney’s role in glucose homeostasis

In this section, a PBSM of the role of the kidneys in glucose homeostasis in humans is developed.
More specifically, this model represents the kidney as a whole, but through the functional unit of
the kidney, the nephron. This follows the fact that each component of the nephron has a specific
function in the physiology of the kidney. To obtain the results for the whole kidneys, the results
for one nephron are multiplied by the 2 million of nephron that on average, make up both kidneys.
The parameters of the mathematical model are interpretable, i.e., most of the parameters have a
physical meaning from physiological knowledge of the kidneys. This fact is crucial when the model

parameters need to be adjusted for a given patient.

3.1. Model pre-construction

8.1.1. Process description and model aim

The kidneys play an important role in glucose homeostasis. Similar to the liver, the kidney is
the only organs able to perform gluconeogenesis from non-carbohydrate carbon substrates espe-
cially from glutamine, which is its favorite precursor in terms of affinity. The kidneys participate
in the glucose regulatory cycle through three main mechanisms: 1) glomerular filtration and reab-
sorption of glucose, 2) endogenous glucose production from non-carbohydrate precursors, and 3)

glucose utilization to be used in metabolic processes like the rest of the organs.

The glucose circulating in the blood reaches the renal artery and enters the kidney through the
hilum. The hilum then converts into the afferent arterioles, which lead to the glomerular capillaries.
Figure [1] represents the physiological processes of glucose in a nephron. The glomerular capillaries
are covered by epithelial cells, and the whole glomerulus is enclosed by the Bowman’s capsule
[20]. There, all circulating glucose is filtered crossing the Bowman’s capsule towards the proximal
tubules located in the cortex of the kidney. The proximal tubules are the only part of the nephrons
with appropriate enzymes used in gluconeogenesis [2I]. Four substrates are largely responsible for
endogenous glucose production in the kidneys (~ 90% of the gluconeogenesis): Lactate, glutamine,
glycerol, and alanine [21],[22]. All of these precursors are fully filtered by the glomerulus and
almost completely metabolized in the proximal tubules [23] [24], following the same pathway as
glucose. Previous research suggested that insulin is typically filtered at the glomerulus and then

almost completely reabsorbed or degraded in the proximal tubule [25]. In contrast, glucagon has
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little or no effect on renal gluconeogenesis [26], 27, 28].

Depending on the concentrations of glucose, insulin, and their precursors in the blood, a certain
amount of glucose is also produced via gluconeogenesis in the proximal tubule in the renal cortex.
This glucose production occurs via biochemical reactions of different substrates, as mentioned
before, and stimulated by enzymes in the proximal tubule. The end products of the biochemical
reactions are partially reabsorbed into the blood, glucose is transported using sodium glucose
cotransporters (SGLTs) in the proximal convoluted tubules, and the fraction that is not reabsorbed
continues to flow via the loop of Henle, until it reaches the renal collecting duct and is excreted
in the urine [29]. The glucose reabsorbed from the proximal tubules by SGLTs cotransporters is
then released into the circulation through the action of facilitative glucose transporters (GLUTS)
located in the basolateral membrane of the epithelial cells lining the proximal tubules [30]. The
distal ends of the capillaries of each glomerulus converge to form the efferent arteriole, which leads
to a second capillary network, i.e., the peritubular capillaries, that surround the renal tubules.
Here the glucose is reabsorbed into the blood. Simultaneously, cells in the renal medulla consume
glucose both in the postabsorptive and the postprandial state [21I]. Virtually all of the filtered
glucose is subsequently reabsorbed into the proximal convoluted tubule via sodium-dependent
glucose cotransporter (SGLT) proteins [2I]. The peritubular capillaries merge together and exit

the kidney as the renal vein, containing all the reabsorbed substances.

8.1.2. Model hypothesis and level of detail

The nephrons are specialized structures composed of different parts. Each specific part carries
out a specific function affecting blood glucose concentrations, as previously described. Therefore,
the renal tissue is modelled as multiple individual nephrons to obtain a macroscopic model of
the kidney’s role in the glucose homeostasis. The analogy proposed for representing an equivalent
nephron to model the kidney’s role in the glucose homeostasis is shown in Figure[2l The glomerulus
and the end of the proximal tubule where re-absorption of substances occurs are represented as
two continuous filters. The proximal tubule where renal gluconeogenesis occurs is represented as a
continuous stirred-tank reactor (CSTR) despite it being a long circular duct. The plug flow reactor
behavior, which would be a more realistic representation, is not used here given its complexity and
its little contribution to additional model precision. Glucose consumption by the kidneys is evalu-
ated as the energy dissipated @ assumed over the proximal tubule, even though it is consumed by
the kidneys as a whole. The arrow representing heat (Q) does not affect the enthalpy of any cur-
rent. Therefore, an energy balance is not required because this energy representing the metabolic
processes in the nephrons is directly computed using an assessment equation. This is represented
as a parameter of glucose consumption in Section [3:2] The blood flowing in all vessels surrounding
each nephron and the kidneys, i.e., the renal artery, the renal vein, the efferent and the afferent

arterioles, and the peritubular capillaries, is represented as a perfectly stirred tank. This model
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Figure 1: Representation of one nephron with respect to glucose homeostasis.

s makes it possible to simulate how renal physiology affects the blood glucose concentrations when
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Figure 2: Proposed analogy of a nephron and its role in the glucose homeostasis. Glomerulus and the part of
the proximal tubule where reabsorption of substances occurs are represented as a filter, the proximal tubule as a
continuously stirred reactor, and the circulatory system as a continuously stirred tank. Total energy consumption
Q, even if not computed as an energy balance, is used here to represent the glucose uptake in the nephrons to carry

out their metabolic processes.

Biochemical reactions occurring in the kidneys and involved in glucose homeostasis are detailed
in Section[3.2] An important fact is that renal tissue is separated from blood both by the endothe-
lium of capillaries and by the proximal tubule wall, which facilitates the assumed partition of the
system and, consequently, the modeling hypothesis. The main variable of the modelled system
is glucose dynamics, but insulin, water, and the substrates for renal gluconeogenesis: glutamine,
lactate, alanine, and glycerol, are also analyzed because they also play a role in glucose production
and consumption in the kidneys.

The following ones are complementary assumptions supporting this hypothesis: i) Although
blood is mostly water (more than 90%) [31] and this water is completely filtered in the kidneys,
the only water considered to be exchanged between the interstitium and the tubular lumen is that
which is required for biochemical reactions. For the sake of simplicity, water in the blood is not
considered in the model in order to avoid having to include it in several balances without adding
information to the model. ii) Parameters s and 7hy are equivalent to ng and 74 but in mass
units. The meaning of the parameters are reported in Section iii) The total mass balance of
the PSyr is assumed as the sum of the total moles of each component in the proximal tubule. iv)
The term rpap,; is assumed to be the total glucose production in the kidneys. v) The amount of
precursor entering the tubule is exactly the amount needed to produce glucose. vi) All the water

needed to form glucose and urine enters the lumen of the tubules from the glomeruli (stream 8).
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8.1.3. Process system definition

A process system (PS) is a part of a modeled object, abstracted from the real process in the
form of a system using a specific criterion of partition over the modeled process or a part of it [32].
Accordingly, every PS can be regarded as a volume in which a change occurs in the properties of the
substances of interest. In the kidneys, four PSs are defined, as shown in Figure (3] The PST (PSy)
represents the glomerulus where blood is filtered and where all substances that can pass through
the three layers of Bowman’s capsule reach the proximal tubule. Blood entering the glomerulus via
the renal artery is represented by stream 1, but continues to flow through the capillaries (stream
2) until it exits the kidneys via the renal vein (stream 7). The filtered substances travel through
stream 3 and enter into the proximal tubule where gluconeogenesis takes place. This part of the
proximal tubule is taken as PS II (PS;). Blood surrounding the kidneys is represented as a per-
fectly stirred tank, considered as PS IV (PSjy). Every biochemical reaction occurs in the first
part of the proximal tubule where glucose is produced. This glucose continues towards the second
filter via stream 4, making up the third process system, PS III (PSy;;). The glucose and other
substances are reabsorbed into the blood by stream 5. The non-reabsorbed substances continue
through the tubule until they reach the collector duct to be eliminated later in urine (stream 6).
Finally, water needed for the reactions and to form urine, is assumed to come from the interstitial

space to the nephron via stream 8.
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Figure 3: Block diagram of process systems taken for modelling the kidneys. Abbreviation for the chemical species

flowing through each stream are specified by the corresponding arrow.
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8.2. Construction of the mathematical model

3.2.1. Application of the conservation principle

Mass balances in molar units are applied to PSy; to facilitate the handling of biochemical
reactions in the kidneys. In the other PSs, mass units are used. Both, the total mass balance and
mass balance for each substance of interest are considered. The mathematical development of each

PS is as follows.

3.2.2. PSt - Glomerulus

As mentioned before, the glomerulus is considered a filter because its function of blood filtration
across the capillary walls in the Bowman’s capsule. All mass flows will be represented by 1y, k
being the number of the stream in accordance with Figure

Total mass balance. The total mass balance of the P.Sy is given by

%:ml—mQ—m3+m8 (1)

where M7 is the total mass of substance contained into P.S7, 1 is the blood flow supply from
an afferent arteriole of the renal arterial circulation received by the glomerulus. s represents the
blood flow from the glomerular capillaries, and free of filtered substances, and that continues to
flow towards the renal venule, which in turn enters a renal interlobular vein and then the renal vein.
g is the filtered flow that has passed through the three-layered filtration unit and the Bowman’s
space to flow into the renal tubule. g represents the flow of water exchanged with the interstitial
space to carry out the chemical reactions that take place in the renal tubules and the water to

form urine. The water exchange between the tubules and the interstitial space is due to the sodium

equilibrium. This sodium is not used in the biochemical reactions and therefore not considered in

this model. dfl\/t“ = (0 because there is no mass accumulation in the glomerulus. In this way, the

total mass balance for PS; is

Mo = 1y — M3 + 1My (2)

with 79 being the unknown variable because 7 and rhg are operative parameters, and g is
known thanks to reactive demand from PSy;.

Component mass balance. In PS;, the mass balance component for glucose (G) is of
particular interest, as it is directly related to the answer to the model question, i.e., the change in
the mass fraction of glucose in the bloodstream due to the consumption and production of glucose
in the kidneys. However, a mass balance is also performed for other components of interest such as
insulin (Ins), water (W), and non-carbohydrate precursors such as glutamine (Gluta), lactate (Lac),

alanine (Ala), and glycerol (Gly). Balance for glucagon is not performed because, as mentioned
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earlier, glucagon does not play an important role in the kidneys [26, 27]. The component mass

balance is written in generic form as

i1 — W2 Ty — wj 313 + wjg Mg (3)

where wj . is the mass fraction of component j in the stream &, with j : G, Ins, Gluta, Lac, Ala,
Gly, and W. The term w; 2 = 0 because G, Ins, Gluta, Lac, Ala, and Gly are entirely filtered by the
glomerulus and they cross the capillaries located within Bowman’s capsule freely. Moreover, these
substances enter the glomerulus from the bloodstream and not from the interstitial space, therefore
wjg = 0 too except for water, which wy g = 1. Considering that no substances are accumulated

in PSy, dj\(/i[tj L =0, and considering perfect agitation for stream 3, it is possible to rewrite the mass

balances, for a generic component in PSy, as the following algebraic expression

wj 3 = Lyl (4)

where w; 3 is the mass fraction of component j (for j # W) filtered by the glomerulus and w;
the mass fraction of component j reaching the glomerulus from the afferent arteriole.
When considering the mass balance for water, this substance enters the glomerulus by stream 8

and continues in stream 3, being ww,1 = w2 = 0 from Equation There is no water accumulation

Mw, 1

71— = 0. Thus, the mass balance for water is

in the glomerulus, so d

wyy,8 g (5)

wws = — o
3

8.2.3. PSyr - Proximal tubule where glycolysis and gluconeogenesis take place

The first part of the proximal tubule, called proximal convoluted tubule, where glycolysis and
gluconeogenesis take place, is modelled as a continuous stirred tank reactor (CSTR). Endogenous
production of glucose involves the formation of glucose-6-phosphate from the non-carbohydrate
precursors lactate, glycerol, alanine, glutamine, and amino acids, with its subsequent hydrolysis
by glucose-6-phosphatase to glucose. Therefore, these four precursors together with insulin and
glucose are the substances of interest to be balance in this PS. As previously mentioned, in PSyy,
molar units are used for balances to facilitate the handling of chemical reactions. All molar flows
are presented by 7k, k being the number of the stream as indicated in Figure

Total mass balance. This balance for PS;; is written in a generic form as

dN. . .
dtH =ng—ng+ Z Z(TEGP,Z' 0ji) (6)

where Nj; is the total mass of substance, taken as kilo-mole, in PS;;. ng is the molar flow,
equivalent to g through units conversion, of the filtrate flowing from the Bowman’s capsule
to the proximal tubule. The products of chemical reactions continue to flow into the proximal

straight tubule until they reach the loop of Henle. They are represented by 74. rgpgp, is the

10
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reaction rate for endogenous glucose production by the kidneys. Subindex i represents the four
chemical reactions, and j, the reaction products, glucose, water, N Hz, COs, insulin, and the four
main precursors considered for the renal endogenous glucose production, o;; is the stoichiometric
coeflicient of each substance j in the balanced equation for reaction i. The sign of o;; is positive
if the substance is a product and negative if it is a reactant. o;; = 0 indicates that substance
j does not react. This balance equation indicates that Nj; changes due to the appearance or
disappearance of particular substances when biochemical reactions take place. This is evaluated
using the double sum (over ¢ and j) at the end of the balance. The biochemical reactions of

gluconeogenesis through non-carbohydrate precursors are as follows.
Reaction ¢ = 1. Endogenous glucose production via glutamine is given by the following balanced

stoichiometric equation [33]

Glutamine + 2NADY + FADY + ATP + 5H,0 — -
7
2NHs +2C02 + 2NADH' + 2HY + FADHy + ADP + Pi + 0.5Glucose

Reaction ¢ = 2. Endogenous glucose production via lactate. Lactate first becomes pyruvate
and then pyruvate is synthesized into glucose [34]

L — Lactate + 2ATP + GDP + 3H20 — 0.5Glucose + 2ADP + GDP + 3Pi (8)

Reaction ¢ = 3. Endogenous glucose production via alanine. This reaction is similar to lactate
reaction, but glucose production via alanine produces ammonia that is then eliminated in urine
154

Alanine + 2ATP + GTP + 4H20 — 0.5Glucose + NH3z +2ADP + GDP + 3Pi 9)

Reaction ¢ = 4. Endogenous glucose production via glycerol. The metabolic pathway of
glycerol is shorter than others and glycerol is perhaps the only precursor that is not first converted

via pyruvate [35]

Glycerol + ATP + NADY + Hy0 — 0.5Glucose + ADP +0.5Pi + NADHY + HT (10)

In this PSyy, j is used for the following substances, each one with a component balance in the
biochemical reactions previously detailed: glucose (G), insulin (Ins), glutamine (Gluta), lactate
(Lac), alanine (Ala), glycerol (Gly), water (W), ammonia (N Hjs), and carbon dioxide (COs).
Following the sign convention and from previous balanced stoichiometric equations, the signs of
the reaction rates are positive for G, N Hs, and CO,, and negative for Gluta, Lac, Ala, Gly, and
W.

The total mass balance in kmol units is useful to follow the moles, but does not represent the
operating conditions of the constant reactor volume. Therefore, this operational condition must
be represented by stating a constitutive equation as the sum of the total moles of every component
of interest as shown in Equation 11, detailed in Section and in Table

Component mass balance. In this PS, component mass balances are performed for G, Ins,

Gluta, Lac, Ala, Gly, W, NH3, and CO,. Balances for glucagon are not performed given that as

11
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mentioned earlier, cells in the renal cortex responsible for the gluconeogenesis have little phospho-
rylating capacity and, under normal conditions, they cannot significantly synthesize glycogen [22].
Therefore, glucagon has no glycogen to dephosphorylate in the kidneys, as this occurs in the liver.
Note that ammonia and carbon dioxide are produced in the reactions, they do not enter the proxi-
mal convoluted tubule, therefore the molar fractions of these substances are zyf, 3 = £co,,3 = 0.
Insulin does not participate in any chemical reaction because its function is related to the inhibition
of glucose production, thus or,; = 0. Also, the sum of the four terms rgap; is considered as the
total renal endogenous glucose production. With the above in mind, the following general equation

represents the dynamic behavior of each substance j in the proximal convoluted tubule

dNj 11
dt

where Nj r; are the total moles of component j in the PSyj, ;3 is the molar fraction of

= T3N3 — TjsN4+ Z(TEGP,i 0ji) —7T; (11)

component j entering the proximal convoluted tubule to react mainly with water, x; 4 is the molar
fraction of component j that continues to flow into the proximal tubule to reach the loop of Henle.
It is assumed that all the precursors are fully filtered from the bloodstream. However, how much
the reactions progress exactly is unknown, and probably not all the available reactant is consumed.
r; represents the consumption or clearance of the substance j by the renal cells. The term 7; = 0
for the precursors, as well as for water, carbon dioxide, and ammonia, but r; # 0 for glucose and
insulin. In the balance equation for glucose, r; = 7.4 and is the rate of cells glucose consumption for
their metabolic processes. In the balance equation for insulin, r; = ;. and is the insulin clearance
in the kidneys. Using the perfect mixing condition of all substances into the proximal convoluted
tubule: x; 7 = x; 4, the total mass in kmol of substance j could be expressed as Nj ;1 = z;4Ny;.

Applying the chain rule with the equivalence N; ;; = x;4 Ny and replacing this expression in @

gives
dN]] dzx j,4 . .
Tja—— +Ni d; = xj3i3 —Tjana+ Y (rEGPi05:) =T (12)
Substituting Equation |§| in Equation |12| and solving for dfl{s"‘ provides:
dx; 4 1 . . .
djt =N, (xj,s 3 —Tjana+ Y _(FEGPi 04i) =75 — T4 Nu) (13)

where parameter Nj; = %.

3.2.4. PSrrr - Proximal tubule where reabsorption occurs
The proximal tubule where reabsorption happens is considered a continuous filter that separates
the substances that the body must conserve and the substances that must be eliminated.

Total mass balance. The total mass balance of this PS is

dMirr
dt

= 1hy — Ths — Tig (14)
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where My is the total mass of substances in the proximal tubule where reabsorption takes
place, my is the mass flow coming from the proximal convoluted tubule, equivalent to 14 in molar
units. Reabsorbed substances to the bloodstream are represented by mass flow s, while the term
e is the mass flow of the substances flowing into the loop of Henle to be eliminated in the urine;
that is, substances that were not reabsorbed into the bloodstream.

In this part of the long tubular portion in the nephron, the mass is not accumulated, therefore

dMrrr

o 0. The term 71y is calculated from the volumetric flow entering and leaving the entire

proximal tubule so that the reactor operates at a constant volumetric holdup. With that in mind

and solving for the mass flow of reabsorbed substances, 5, the total mass balance for PSy;y is

ms = My — g (15)
Component mass balance. In this PS, the substances to be balanced are the same as in

the previous PS, i.e., all reactants and products of the chemical reactions which took place in the

proximal convoluted tubule. Balance for component j can be expressed in a generic form as

dM; 111
dt

where M 11 is the total mass of component j into the proximal tubule where the reabsorption

= wj,4 Th4 1 ’U}j’5 m5 — wj,(; ’I’hG (16)

of different substances, including glucose and proteins as the main substances reabsorbed in the
glomerulus, occurs. This part of the proximal tubule is hypothesized as a filter, in which sub-
stances are separated. Thus, two internal compartments are assumed but not declared as new
PSs. One for transferred mass and the other for the perfect mixing substance. In this case, there
are two exit streams, one of them (ri5) is the separate flow or mass transfer flow containing the
reabsorbed substances separated from the fluid in the convoluted tubules to return to the blood-
stream. This exit stream does not have the same concentration as the internal part of the P.S
and perfect agitation cannot be assumed for this stream. Fluid flows from stream 4 and continues
into stream 6, for which a perfect agitation is assumed, thus the equivalence w; rr;r = w;¢ and
M; rrr = wj,e My could be applied to solve the derivative of M; i1y, recalling that Mj;; is con-

dw; e
dt

stant (% = M1 dq;“). Considering no mass accumulation in PSy;y, = 0. Knowing
that insulin, and precursors are completely reabsorbed into the bloodstream (w;¢ = 0), the final

component mass balance for component j is written as

Wi 414

- 17
Wj,5 T (17)
for j = Ins, Gluta, Lac, Ala, Gly. The glucose balance is expressed by
wa, my — wa, m
we 5 = — 00 (18)

ms
taking into account that wge = 0 for healthy people because of the SGLT saturation, and

wg,6 # 0 for people with hyperglycemia. This is because when the glucose in the bloodstream is
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higher than 180 mg/dl, glucose is eliminated via the urine. In contrast, if a person under normal
conditions is considered, the mass balance for glucose (Equation is identical to Equation
When considering water, its reabsorption is tightly coupled to passive sodium reabsorption,
meaning that when sodium moves, water follows. Therefore, most of the solute reabsorbed in
the proximal tubule is in the form of sodium bicarbonate and sodium chloride, and about 70% of
the sodium reabsorption occurs here, implying that 70% of water is also reabsorbed maintaining
extracellular body fluid volume. The remaining 30% continues to flow in the renal tubules to
form urine, represented here as stream 6. Even though the water is filtered simultaneously in the
glomeruli and the tubules for simplicity, in the model, it is assumed that all water enters the lumen
of the tubules via the glomeruli (stream 8). Additionally, net water circulating in the nephron
is the only water considered in the model, i.e., water flowing to keep the equilibrium with the
interstitium is not taken into account. The consequence is that water is not reabsorbed into the
bloodstream and thus, wy,s = 0. Ammonia and carbon dioxide are also not reabsorbed into the
bloodstream but they continue to flow in the long tubule to be eliminated via the urine, therefore

WNH;,5 = WC0,,5 = 0. Hence, the generic form of the balance for W, NH3, and CO; is

8.2.5. PSyry - Blood circulating in the kidneys

Blood circulating in the peritubular capillaries in the kidneys is hypothesized as a continuous
stirred tank that homogenizes filtered and reabsorbed blood to leave the renal vein and reintegrate
into the bloodstream. Balances will be calculated in units of mass to know how the concentration
of glucose changes after passing through the kidneys.

Total mass balance. The total mass balance for PSyy in mass units is given by

dMrv
dt

= 1y + s — Ty (20)

with My, the total mass of blood contained in the system irrigating the nephrons. Since no

dMry
dt

mass accumulation is assumed, 0 and the total mass balance yield

mr = Mo + My (21)

Component mass balance. Ammonia, and carbon dioxide are not reabsorbed into the blood
because of the presence of water. Thus, the substances to be balanced in this PS are G, Ins, Gluta,

Lac, Ala, and Gly. Balance for the substances of interest can be written in a generic form as

dM; rv

dt = Wy,2 ﬁLQ + Wi 5 Th5 — Wy,7 Th7 (22)

where Mj v is the total mass of component j = G, Ins, Gluta, Lac, Ala, Gly, into the blood

flowing through the kidneys. Using the assumption of perfect agitation, the equivalence w; ;v =
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Table 1: Equations of the model’s basic structure.

Process system Equations

Ty = My — M3 + Mg

PSy Wi = wjmli‘:nl
s =
" dgfl =ng — N4+ (TEGP: 0ji)
11 2 = L (%;3 g = Tjang+ (eGP 0j:) — T — Tja N”)

s = 1hy — The

wWj 4 Ty
PSrrr wj5 =~
_ wg,4Ma—wa,6 Me
wag,5 = s
L wjarmhy
W56 = g
P iy = g + M
S]V dwj,7_( ) L ) . ) 1
a = Wy 515 wj 7 My My

wj7 and M; rv = w;7Mry can be applied to solve the derivative of M; ry, with My constant.
Replacing this derivative solution in Equation and keeping in mind that the substances of
interest are completely filtered in the glomerulus, i.e., stream 2 is free (w; 2 = 0) of those substances,
the final component mass balance for component j is written as

dwjj 1

e (wj,5 M5 — wj 7M7) Moy (23)

3.2.6. The basic structure of the model

In this section, the equations deduced from the previous steps with relevant information to
answer the model question are taken to form the model’s basic structure. Consequently, the
equations with valuable information for PS; are [2] [d] and [5} keeping in mind that Equation [4]
produces six other equations, one for every component j: glucose (G), insulin (Ins), glutamine
(Gluta), lactate (Lac), alanine (Ala), and glycerol (Gly). For PS;; the equations are [6] and
considering in the case of Equation [13] j as glucose (G), insulin (Ins), glutamine (Gluta), lactate
(Lac), alanine (Ala), glycerol (Gly), water (W), ammonia (NHj3), and carbon dioxide (COs),
producing nine other equations. For PSy;; the equations are [I5] [I7] [I8] [[9} keeping in mind that
Equation [18|is valid for people with diabetes, but for people under usual conditions, Equation
is also valid for glucose. Additionally, Equation produces five other equations, one for every
component j: Ins, Gluta, Lac, Ala, and Gly. Equation [I9] produces three other equations: water,
N Hjs, and CO,. Finally, for PSyy, the equations with relevant information are 21 and where
Equation 23] produces six other equations, one for every component j: G, Ins, Gluta, Lac, Ala, and

Gly. Consequently, the model’s basic structure has 35 equations which are summarized in Table
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Table 2: Model variables, structural parameters, and structural constants.

PS; PSyr PSrrr PSry Total
Variables ’l’hg, ’U}j’g, ’U)W’g N[[, (Ej’4 ﬁl57 ’wj75, U)G',57 ’u}j’g ’I’h7, w]"7 35
Structural Ty, s, Mg N3, 14, " EGP,i My, M6, WG,6 My 23
Parameters  wj 1, ww,g rj, Nr1
Structural - Oji - - 15

Constants

The indexes are j = G, Ins, Gluta, Lac, Ala, Gly, W, NHg, CO2; i (via of biochemical reactions): 1 =Gluta,
2 =Lac, 3 =Ala, 4 =Gly.

3.2.7. Variables, structural parameters, and structural constants

In this step, the symbols forming the equations selected for the basic structure of the model
previously reported are classified as variables, structural parameters, and constants. Variables are
defined here as the unknowns that will be solved by the model, and they are intentionally set on
the left side of the equations, while constants are universal values or fixed values determined by
the modeler. Note that the structural parameters have not been calculated yet or nor have they
been replaced in the equations by their numerical values. This is intended to avoid those structural
parameters from losing their inherent interpretability as a result of their origin, directly from the
application of the conservation law in each PS. To calculate them, new levels of specification will
be opened, where the functional parameters will be defined [32], as established in the following
step. A summary with the model variables and both structural parameters and constants for every
PS is provided in Table [2|

Note that w; 3 is declared as a variable of PSy, therefore, x; 3 is also considered as a variable
and not as a structural parameter. This equivalence is directly deduced through units conversion.
Additionally, w; 4 is the variable z; 4 but in mass units, hence, wg 4 and wyy 4 too have to be solved

by the model.

8.2.8. Constitutive and assessment equations for structural and functional parameters and defini-
tion of constants

Constitutive and assessment equations are generally algebraic equations used to define unknown
parameters of every process system. A constitutive equation approximates the response of a phys-
ical quantity to external stimuli using a law or principle. Darcy’s law, Arrhenius’ law, heat, mass,
and the momentum rate of transfer laws, among others, are examples of constitutive equations. In
some cases, when it is not possible to use a law or principle to define an unknown parameter, an
empirical correlation could be used. On the other hand, an assessment equation is a mathematical
relation to assess a parameter’s numerical value, without any intention of descriptively linking

the calculated numerical value to the phenomena occurring in the process being modeled. New
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parameters appearing in the constitutive equations are called functional parameters. Constitutive
and assessment equations used to define both structural and functional parameters make up the
extended structure of the model [32].

When a new mathematical equation is used to define a parameter, a new specification level
appears. The specification level can offer new insights into the process and can provide useful
information to produce the output of the model. In other words, the specification levels can
increase knowledge regarding the process of interest. New specification levels will be opened until
having all parameters of the model defined as a numerical value. Constitutive and assessment
equations of the extended structure are determined by the modeler because each equation can
be stated with a different level of detail following the specific modeler preferences or available
knowledge of the phenomena [32].

Constitutive and assessment equations which define the structural parameters of the model
of the kidneys and their role in glucose metabolism are reported in Table 3] Table [ reports
constitutive equations that define the model’s functional parameters. In these tables, the columns
report the number of equations generated when the parameter is defined. Finally, assessment
equations or values of fixed functional parameters and constants of the model are given in Table
The procedure to establish numerical values to identified parameters follows the typical gradient
method so as to reduce the model prediction error for real data available in the literature. However,
the numerical values are only optimal for the process of interest in the modeled phenomena, but
nothing can be said about their uniqueness or the robustness of the steady-state values found, as
a sensitivity analysis was not conducted. Note that, as previously mentioned, symbols w; 4 and
x;3 are considered the same variables as x;4 and w; 3, respectively. However, these species are
different, variables x;j are expressed in molar fraction units, whereas w; ; are assumed in mass
fraction. The conversion between the two variables occurs through the molecular mass of substance
j, a trivial equation not included in the model. The constant molecular mass of the water My is

included in the evaluation of the functional parameter 91;.

3.2.9. Degrees of freedom analysis

The mathematical model can be solved only if the number of unknowns in the model, which
includes variables and both structural and functional parameters of the model, and the number of
equations is equal; that is, if the model’s degrees of freedom are equal to zero. The analysis of the
degrees of freedom of the derived model is summarized in Table[f] Constitutive equations to define
functional parameters reported in Table[d]and assessment equations to define functional parameters
reported in Table [5| are considered in the total number of functional parameters reported in Table

ol
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Table 3: Constitutive and assessment equations for structural parameters of the model.

# Description Constit. and Asses. Equation Instances Reference
Mass flow rate of blood entering the )

I m1 = pp Vb 1 [36]
kidneys (stream 1).
Mass flow rate of components of inter-

2 est filtered in the glomerulus (stream 1z = 1y 35 wj1 + 1s wwg 1 [36]
3).
Mass flow rate of components entering

3 the glomerulus from the interstitium rig = w6 M6 + Nw,re M 1 [36]
(stream 8).
Mass fraction of component j entering

4 wj1 = Cj 1 pi m]‘ 6 ucC
the kidneys by the renal artery. b
Mass fraction of water entering the

5 ww,8 = 1 1 A
glomerulus from the interstitium.
Molar flow of mix being filtered in the i

6 ns = Zj nj.3 1 [36]
glomerulus.
Molar flow of reaction products in the Voo

7 iy = YaLmie 1 UucC
proximal tubule. e
Reaction velocity of endogenous glu-

—FEa .

8 cose production via non-glucidic pre- rggp, = ko,gap, Cjae o 4 [36]
cursors, with j : Gluta, Lac, Ala, Gly.
Rate of cell glucose utilization in the simol

9 Kidneys. Tege = 11.1 = 85 =S 1 [30]
Reaction of insulin degradation in the 5

10 Tic = ko,1ns Crns,a d%) 1 [30]
kidneys.
Differential of total mass in molar . .

11 . . Nir = Z Nj’[[ 1 A
units of substances in PSyr
Mass flow of reaction products in the

12 . g = 14 mmiw 1 ucC
proximal tubule.
Mass flow of reaction products going )

13 me = Vi pu 1 [36]
to the collecting duct.

14 Mass fraction of glucose in the urine. wgge = mﬂff 1 [36]
Total mass of blood flowing the kid-

15 M[V = Pb VE, 1 [36]

neys.

Abbreviations. UC: unit conversion, A: assumed. Indexes j = G, Ins, Gluta, Lac, Ala, Gly, W, NH3, CO>. Indexes ¢ (via
biochemical reactions): 1 =Gluta, 2 =Lac, 3 =Ala, 4 =Gly.
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Table 4: Constitutive equations for functional parameters of the model.

# Description Constit. and Asses. Equation Instances Reference

Molar flow of substances of interest ) )

L . M3 = j1 + nws 7 [36]
being filtered in the glomerulus.
Molar flow of substances of inter-

2 est entering the kidneys by the renal n;; = UOKTAY 6 UuC
artery.
Volumetric flow of products of reac-

tions taking place in proximal tubule.

Density of mix (all components) in

4 the reactor representing the first part  pix = > w;; : 1 [36]
of proximal tubule.
Molar mass of mix (all components)

5 in the reactor representing the first M0 = > ;4 M; 1 [37]

part of proximal tubule.

Volumetric flow of substances enter- . .
6 V3=>Vjs 1 A
ing the proximal tubule.

Volumetric flow of component j fil- . _ .
7 . ij,g ="Nn;3 SD“(J- o 7 [36}
tered in the glomerulus. ’

Molar-volumetric concentration of

8 component j, after every gluconeoge- Cj4 = Hptme 9 [36]

nesis reaction i (in stream 4).

Mass flow of glucose in the urine. It 0 S et < wes 1s
mc,fj _ { ‘ ( G,1 G,Lim 1 O
i

is zero in healthy people. WG,1 — WG, Lim) = WG,1 > WG, Lim
Mass fraction limit of glucose ab- o

10 ] wa,Lim = Ca,Lim =& 1 ucC
sorbed by the kidneys.

Abbreviations. O: own equations, UC: unit conversion, A: assumed. Indexes j = G, Ins, Gluta, Lac, Ala, Gly, W, NH3, CO>. Indexes
i (via biochemical reactions): 1 =Gluta, 2 =Lac, 3 =Ala, 4 =Gly.
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Table 5: Assessment equations for functional parameters of the model. The numerical values are fixed parameters

in the model. Constants of the model are also reported in this table shown in the “value” column.

Symbol Description Value Reference
Pb Density of the blood. 1060 kg/m3 [20]
Vi Volumetric flow of blood irrigating the kidneys. 1.2 L/min [20]
Number of moles of water consumed during the re-
W, ra 9.1749 pmol /s [20]
actions in the proximal tubule per second.
o Molar-volumetric concentration of component j at 5]
j, 1 36
! blood entering the kidneys.
m; Molar mass of component j (known value). A
Pj Density of component j (known value). A
Glucose production rate constant via glutamine in
ko.EcP, 107.9 x 1079m3/s 1
the proximal tubule.
Glucose production rate constant via lactate in the
kQ,EGP,‘, 35.2 x 10713 m3/5 1
proximal tubule.
Glucose production rate constant via alanine in the
]C()}E(;p3 52.5 x 10710 m3/s I
proximal tubule.
Glucose production rate constant via glycerol in the
ko, eGP, 60.5 x 1071tm3/s 1
proximal tubule.
Insulin clearance rate constant in the proximal
kO,Ins 0.85 x 10_6 m3/8 I
tubule.
Activation energy of glucose production via glu-
Faggp, 3.55 x 107 kJ/kmol 1
tamine.
Eagpgp, Activation energy of glucose production via lactate. 8.9 x 10° kJ/kmol 1
Eapgp, Activation energy of glucose production via alanine. 2.82 x 107 kJ/kmol 1
Eagpgp, Activation energy of glucose production via glycerol.  2.18 x 107 k.J/kmol 1
Ear,s Activation energy of insulin clearance in the kidneys. 35000 kJ/kmol I
R Universal constant for ideal gas. 8.314 J/molK [36]
T Corporal temperature. 37 °C [38]

Abbreviations.

I: identified, A: assumed.

biochemical reactions): 1 =Gluta, 2 =Lac, 3 =Ala, 4 =Gly.
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Indexes i (via



Symbol Description Value Reference

Volumetric flow leaving from collecting duct to form

Va . 1.5L/dia  [20)
urine.
Pu Density of urine. 1017.5g/L [20]
Ca,Lim Concentration limit of glucose absorbed by the kidneys. 180mg/dl  [20]
Vi Blood volume irrigating the kidneys. 0.60,mL  [20]
Stoichiometric coefficient for j= glutamine, lactate, ala- 33, B4
75 nine, glycerol, and water in the reaction i. = 35)
Stoichiometric coefficient for j= ammonia, carbon diox- B3, 34l
7 ide in the reaction of glucose production via glutamine. 2 35]
Stoichiometric coefficient for glucose production in the 33, B4,
G reaction i. 0o 35]
Stoichiometric coefficient for water in the reaction of B3, 34l
o glucose production via glutamine. - 35)
Stoichiometric coeflicient for water in the reaction of 33, 34
e glucose production via lactate. -3 35]
Stoichiometric coefficient for water in the reaction of B3, B4l
s glucose production via alanine. - 35]
Stoichiometric coefficient for ammonia in the reaction of 33, 34l
N H8 glucose production via alanine. ! 35]

Abbreviations. I: identified, A: assumed. Indexes: j = G, Ins, Gluta, Lac, Ala, Gly, W, NHgz, CO2. Indexes i
(via biochemical reactions): 1 =Gluta, 2 =Lac, 3 =Ala, 4 =Gly.

Table 6: Degrees of Freedom.

A% SP FP Net DoF
Equations 35 23 58 116 0
Unknowns 35 23 58 116

Abbreviations. V: variables, SP: structural parameters, FP: functional parameters, Net: sum

of SP+ FP + V, and DoF: degrees of freedom (difference between unknowns and equations).
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8.8. Simulation of the computational model

3.8.1. Computational model construction

The model was programmed and solved using MatLab®.

3.3.2. Model Validation
The mathematical model was fitted to data reported in the literature but a real validation with
data taken in real patients is still pending. The strategy to fit the mathematical model is discussed

extensively in the next section.

4. Results and discussion

This section presents the results of a 1.5 h simulation of the renal model and its role in glucose
metabolism for a person under normal conditions. As mentioned earlier, a validation model using
real data has not yet been tested. However, following a broad range of published data (see Table
, the results of the model were compared according to the available physiological knowledge in
the literature. The final steady-state values of the variables were adjusted following the data in
the literature. The model is also intended to describe the dynamic behavior of glucose as it passes
through the kidneys. However, an experimental evaluation of the dynamic behavior is not possible
as, to date, the required data have not been available. Most of the data report the rate of glucose
release into the circulation by kidneys for the post-absorptive state, including specific data for
every main non-carbohydrate precursor. Around 20-25% of glucose released into the circulation
after overnight fasting comes from the kidneys, and the remaining 75-80% comes from the liver. In
contrast and surprisingly, in the postprandial state, renal gluconeogenesis increases approximately
twofold and around 60% of glucose is released into the circulation, as indicated in Table [ In
contrast to the percentage of glucose production in the kidneys, which is known, the amount of
glucose derived from every non-carbohydrate precursor in the postprandial state is not known.
Table [7] shows the average values for each precursor based on all data found in the literature.
Values for the utilization of each precursor are calculated based on the stoichiometric equations
previously reported in Section [3.2]

Table (7| shows that the glucose production derived from glutamine is around 0.623 umol/s
when using 1.246 umol/s of glutamine. This value corresponds to 4% of total glucose released
into the circulation. In turn, lactate is more freely available in the blood, therefore, glucose
production from lactate is estimated as ~ 1.557 umol/s, representing a 10% of the total glucose
production in the kidneys. Alanine and glycerol precursors produce 0.467 umol/s and 0.311 pmol /s,
respectively, corresponding to 3% and 2% of the total renal gluconeogenesis. The results of the
model are illustrated by the following. Figure [4] illustrates the total renal glucose production in
both postprandial and post-absorptive states, once again evincing that the model responses reach

the numerical values reported in Table Solid lines indicate the model response and dashed
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Table 7: Data for renal endogenous glucose production (EGP) in both post-absorptive and postprandial state.

Precursor Renal EGP Precursor % Overall rate Reference
[wmol/s) utilization  of glucose pro-
[umol /5] duction

Post-absorptive )
Glutamine 0.623 (4%) 1.246

state
Lactate 1.557 (10%)  3.114
20-25% 28, 133, 139]
Alanine 0467 (3%)  0.934
Glycerol  0.311 (2%) 0.622 [221, 130, [40]
Other 0.156 (1%) -
Post-prandial
8.647 60% [T, 139, 42]

state

lines are the reference values taken from the literature. During the postprandial state, the model
response shows a renal glucose production of 8.569 umol/s, corresponding to 60% of the total
glucose released into the bloodstream. This value is close to the reference value of 8.647 pmol/s
represented with dashed lines. For the post-absorptive state, the model response indicates a renal
glucose production of 2.955 umol/s, which is almost the same reference value as the dashed lines,
i.e., 3.11 umol/s, representing almost 20% of the total glucose released into the bloodstream. It
is worth clarifying that the computational model was solved only for the post-absorptive state
because the rate of glucose production for each precursor is available in the literature for this
state. However, for the postprandial state, the total percentage of glucose produced is known but
the amount produced by each precursor is not specified. In this sense and knowing that in the
postprandial state the kidneys produce around 60% of the total glucose in the post-absorptive state,
the results for this state were multiplied by 2.9 to obtain the postprandial state, in accordance with
[30].

Renal gluconeogenesis for the different precursors is shown in Figure [5] where the amount of
glucose production from every non-carbohydrate precursor (shown in solid black lines) reaches
the average values previously reported (dashed gray line), proving correct behavior of the model
predictions. In this sense, the model responses show a renal glucose production via glutamine
of 0.6162 umil/s, via lactate of 1.553 umol/s, via alanine of 0.4766 umol/s, and via glycerol of
0.308 umol/s. These values are very close to the reference values derived from the literature
[27, 130, A1), [33, 29] 24, 42] and reported in Table

The available literature on glucose metabolism in the kidneys reports more studies focusing on
an analysis of the metabolism of precursors in the kidneys than on glucose production itself. It
is worth remembering that the result illustrated in Figure [f] illustrates the glucose production in

the kidneys during the post-absorptive state and that a similar curve is not possible for the post-
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Figure 4: Renal gluconeogenesis in postprandial (upper curve) and post-absorptive state (lower curve). Solid curves
are the model response and dashed lines are values of the experimental data reported in the literature. In the
postprandial state, the solid line reaches a renal glucose production of 8.569 umol/s, whereas for the post-absorptive
state, the solid line reaches a renal glucose production of 2.955 umol/s. The output quantities reported in the figure

are computed from the state variables of the Equation but expressed in pmol/s units.

prandial state because the literature does not report the amount of glucose production via every
non-carbohydrate precursor, but rather the total glucose production. Additionally, it is important
to mention that the role of hormones such as insulin and glucagon was not considered in the
model. The role of the glucagon in renal glucose production is not evinced in the literature, and
insulin is assumed to be produced and released in the pancreas according to glucose concentration.
Insulin decreases glycerol uptake and increases lactate uptake in the kidneys, reducing renal glucose
production probably not only due to the reduction of the substrates but also because of other
intrarenal mechanisms [28]. On the other hand, the concentration of epinephrine, rather than that
of glucagon, is responsible for the increased renal glucose production.

Recalling that the kidneys act as controlling agents by keeping an equilibrium between the blood
glucose concentration in the renal artery and renal vein, evidence of this by the model responses
is given in Figure [6] This means that when a person under normal conditions who has a blood
glucose concentration around of 90mg/dl in the renal artery, the glucose concentration in the renal
vein will also be around 90mg/dl. This fact also implies a proportional response in the renal vein
to the renal artery when blood glucose concentration increases after a meal (postprandial state).
It is also important to mention that the kidneys are not responsible for the complete control of
the glucose concentration in the human body. This homeostasis mechanism is conducted jointly
by several organs. For this reason, in Figure [6] the dynamic response does not reach the desired
steady-state. However, the glucose concentration in the renal vein is close to glucose concentration
in the renal artery. The difference is approximately 1mg/dL. Here, the simulation time taken to

obtain the steady-state of glucose concentration in the renal vein is of 4.0 hours.
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Figure 5: Renal endogenous glucose production via main non-carbohydrate precursors during post-absorptive state.
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for a total glucose production of approximately 20-25% of the total glucose released into the bloodstream.
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Figure 6: Dynamics of the glucose concentration entering the kidneys via renal artery and leaving the kidneys via
renal vein. An equilibrium between both blood vessels is evident, indicating the kidneys’ ability to regulate blood

glucose concentrations.

Figure[7]shows the concentration of every precursor after passing the nephrons. Observe that the

concentration decreases because the precursors have reacted to produce glucose and the remaining

25



524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

quantity is reabsorbed into the bloodstream. The dynamic behavior for each precursor assumes
an initial value for each substance as if the kidneys start to consume them at time zero. The time
is given in minutes to illustrate the dynamic response. Additionally, the precursors that enter the
kidneys were assumed to be used to producing glucose and the amount that is reabsorbed into the

bloodstream is almost nil [22] 30} 28|, 40} 33}, 39].

0.08 Glutamine concentration in the renal vein 02 Lactate concentration in the renal vein
0.06 0.15
© o
E E
3 0.04 3 0.1
E 5
0.02 0.05
0 0
0 10 20 30 40 50 0 10 20 30 40 50
0.06 Alanine concentration in the renal vein 0.04 Glycerol concentration in the renal vein
0.05
0.03
0.04
o o
E E
5003 5002
£ =
0.02
0.01
0.01
0 0
0 10 20 30 40 50 0 10 20 30 40 50
Time (min) Time (min)

Figure 7: Concentration of every precursor leaving the kidneys via renal vein. Due to the assumption that the kidneys
capture only the amount of substrate required to produce glucose, the amount of precursor that is reabsorbed into

the blood is almost zero.

Finally, the model can regulate the glucose levels in the bloodstream of a person under normal
conditions, in which case, the renal excretion of the glucose via urine is void when the glucose
levels are lower than 180mg/dL, as shown in Figure Here, the dashed line represents the
glucose concentration in blood (mg/dL) (i.e., value in left y-axis), while the continuous line is the
glucose concentration in urine (right y-axis). Although a normal blood glucose concentration is
considered in the model and its simulation, the model is subjected to a hyperglycemic condition
after 80 minutes in order to assess the model response under changes in the blood glucose levels.
A hyperglycemic condition causes a small amount of glucose to be excreted in the urine. This
phenomenon is called glycosuria based on serum glucose concentration. This coincides with the
behavior of the kidneys in a person with high blood glucose levels, like in people suffering from

diabetes mellitus.
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Figure 8: Renal glucose excretion via urine (right y-axis) when the blood glucose concentration (left y-axis) is upper

than 180mg/dL. This behavior, known as glycosuria, is often observed in people with diabetes mellitus.

5. Conclusion

The kidneys’ contributions to maintaining glucose homeostasis include an important production
of glucose via gluconeogenesis. Besides its filtration, reabsorption, renal glycolysis, and, under
particular conditions such as hyperglycemia, glucose can be excreted via the urine to eliminate
the excess in the blood. In the present work, a phenomenological-based semi-physical model of
the role of the kidneys in glucose metabolism is presented. Most of the parameters of the model
are interpretable, i.e., the model includes parameters with a coherent physiological meaning in
the modeling process of interest. To the best of the authors’ knowledge, this model is the first
mathematical model describing all reported physiological aspects of the kidneys involved in the
glucose regulation system. The model’s results reproduce the data found in literature and reflect
the available physiological knowledge about the kidney’s functions. Thus, this model could be used
in combination with other models to form a model-base control structure to examine the possible

provision of an artificial pancreas.
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